A relativistic ab initio model potential ͑AIMP͒ method with the third-order Douglas-Kroll ͑DK3͒ approximation has been developed for the whole series of the actinide elements from Th to Lr. Two different cores, i.e., ͓Xe, 4 f ,5d] and ͓Xe, 4 f ], have been employed and the corresponding valence basis sets, (14s10p11d9 f )/͓6s5 p5d4 f ͔ and (14s10p12d9 f )/͓6s5 p6d4 f ͔, are presented for all actinides. The mean absolute errors of the AIMP relative to the all-electron results for the atomic SCF valence orbital energies ͑⑀͒ and the radial expectation values (͗r͘) are 0.003 ͑0.001͒ hartree and 0.004 ͑0.006͒ bohr with the small ͑large͒ core set. The spectroscopic properties of the 1 ⌺ ϩ ground state of thorium monoxide, ThO, are calculated at the SCF and complete active space SCF levels. The DK3-AIMP results again satisfactorily reproduce the all-electron DK3 results. The large core set gives almost the same results as the small set for atomic and molecular calculations, suggesting that the 5d electrons can safely be omitted from the valence electrons in actinide chemistry.
I. INTRODUCTION
The chemistry of f elements, lanthanides, and actinides has received much attention. This is because of their fascinating complexity due to the possible open f shells. They pose a great challenge to experimental and theoretical analysis. For actinides, both the electron correlation and relativistic effects have to be fully taken into account in order to get reliable results. The most widely used quantum mechanical method in the chemistry of lanthanides and actinides nowadays is the effective core potential ͑ECP͒ approximation. [1] [2] [3] [4] [5] [6] In this approximation the core electrons are modeled using a suitable function, and only the valence electrons are treated explicitly. Part of the relativistic effects, especially the scalar effects, may also be taken into account without having to perform full relativistic calculations.
In many cases it gives reasonable results while reducing computational effort. The ab initio model potential ͑AIMP͒ method 7, 8 has been developed as an extension of the model potential methods [2] [3] [4] [5] [6] and describes the correct behavior for the inner nodal structure of the valence orbitals. The AIMP consists of a Coulomb potential, an exchange potential, and a projection operator, and has a clear physical meaning since it represents Coulomb and exchange interactions between a single valence electron and the core electrons. The implementation requires only modification of the one-electron operator in the usual AIMP methods.
Several sets of relativistic pseudopotentials are currently available in the literature. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] However, relativistic effects for the heavy elements such as actinides are very significant and a highly accurate treatment is required, even at the scalar relativistic level of theory. The main purpose of this study is to develop highly accurate AIMP for all actinide elements from Th to Lr by means of the third-order Douglas-Kroll ͑DK3͒ approximation. 21, 22 In order to check the performance of the present AIMP, illustrative calculations on the spectroscopic constants for the 1 ⌺ ϩ ground state of thorium monoxide, ThO, have been carried out using SCF and complete active space SCF ͑CASSCF͒ methods. The results are compared with the corresponding all-electron calculations.
II. AB INITIO MODEL POTENTIAL AND VALENCE BASIS SET
Relativistic effects were incorporated by the third-order Douglas-Kroll approximation. 21, 22 The no-pair DK3 Hamiltonian 22 is given by
where H ϩ DK2 is the second-order Douglas-Kroll ͑DK2͒ Hamiltonian 23-25 and can be written as
where V ext is the external potential, m is the mass, c is the speed of light, p i is the momentum operator, and i denotes the vector of three Pauli 2ϫ2 spin matrices. Here, W 1 (i) is an integral operator with kernel,
and ͓a,b͔ ϩ and ͓a,b͔ denote the anticommutator and the commutator, respectively. For light elements, the DK2 approximation in Eq. ͑2͒ is sufficient. However, for heavy elements, with Z larger than 80, the DK3 approximation is indispensable for an accurate description of relativistic effects. In this study, the spin-free part of the DK3 Hamiltonian was used and the spin-dependent term was not considered. The relativistic kinematics correction to the two-electron integrals was ignored, since the effects of two-electron integrals have been shown to be small. Modification of the oneelectron integrals for the third-order relativistic correction with the DK3 Hamiltonian is not expensive in comparison with the DK2 Hamiltonian. The speed of light in a vacuum was taken to be 137.035 989 5 a.u.
The spin-free valence-only DK3-AIMP Hamiltonian with approximations described above is given as
where the first four terms are identical to the all-electron terms in Eqs. ͑1͒ and ͑2͒ and with
The V Coul operator represents the Coulomb interactions of one valence electron with the Z core electrons and the same number of protons located at the nucleus. It is convenient to fit V Coul with a linear combination of Gaussian functions,
In the same way, the V exch operator represents the exchange interaction between one valence electron and the core electrons. Its spectral representation operator replaces this operator, 
͑14͒
In this way, the direct relativistic effects on the valence electrons are handled with the no-pair relativistic operators of kinetic ͑and rest mass͒ energy and nuclear attraction and the indirect relativistic effects on the valence electrons brought about by the core electrons are considered by means of the core AIMP.
III. RESULTS

A. Atomic results
The valence configuration 6s 2 2 for U to Pu and Cm to Lr, where n stands for the position number of the respective atom in the actinide series ͑Paϭ2 to Lrϭ14͒, were chosen as the reference states. The all-electron SCF calculations with the scalar relativistic DK3 were performed on these reference states with the relativistic uncontracted GTO. 26 The orbitals and the orbital energies from these reference calculations were adopted in the present AIMP method to describe the inner core orbitals.
According to its basic approximations, the AIMP method should work when the frozen-core approximation itself works. Furthermore, the accuracy improves systematically with the quality of the valence basis set. It has been found that the AIMP perform best with the all-electron basis sets. We examined the partitioning of the core and valence orbit-als. Numerical experience suggests two cores, i.e., the large ͓Xe, 4 f ,5d] and the small ͓Xe, 4 f ] cores. That is, the 6s, 6p, 5 f , 6d, and 7s electrons are treated as the valence electrons in the large core set while keeping 78 electrons as the core electrons. In the case of the small cores, the 5d electrons are also treated as valence electrons and 68 electrons are treated as the core electrons.
The core 78 or 68 electrons were replaced with the potential. The linear combination of the 14 and 15 terms of the Gaussian-type functions were fitted to the Coulomb potentials calculated from the reference core orbitals. The exponents of the valence basis sets were optimized for the respective states by means of the minimization of the DK3 valence SCF total energies. The high quality of the inner part of the AIMP valence orbitals requires the use of basis sets with a relatively large number of primitive functions as compared with the nodeless pseudopotentials. This fact, however, does not represent a real increment in the computing time in molecular calculations. The computational cost depends on the number of contracted functions rather than on the length of their expansion. The number of basis functions ͑contracted functions͒ in AIMP molecular calculations is more or less the same as in corresponding pseudopotential calculations.
The bonus of the inner quality of the valence orbitals should be expected in calculations of valence correlation energies and in spin-orbit effects.
The valence basis sets were contracted using the DK3 SCF valence orbital coefficients, and the outermost four s-type, four p-type, four d-type, and three f-type primitives were augmented to give more flexibility to the orbitals in the molecular calculations. The resulting valence basis sets for Th to Lr are (14s10p11d9 f )/͓6s5 p5d4 f ͔ for a large core ͓Xe, 4 f , 5d] and (14s10p12d9 f )/͓6s5 p6d4 f ͔ for a small core, i.e., ͓Xe, 4 f ].
The atomic valence properties, the orbital energies ͑⑀͒, and radial expectation values (͗r͘) are calculated with the present AIMP and the valence basis set in a fully uncontracted manner. The results with a large core are given in Table I and those with a small core are shown in Table II . The present DK3-AIMP results with small and large cores are very similar and both results reproduce the all-electron calculation to a high accuracy. The mean absolute errors ͑MAE͒ for the small and large core sets are 0.003 and 0.001 hartree for the orbital energies and 0.004 and 0.006 bohr for the radial expectation values. Note that the fitting of the valence orbitals is not included in the optimization procedure for either the core potentials or the valence basis sets. Nevertheless, the present AIMP satisfactorily reproduces the valence orbitals to an excellent accuracy in the atomic calculations. The r 2 R(r) 2 functions for the valence orbitals of the Th atom are plotted in Fig. 1 . The difference between the AIMP and all-electron results is too small to be visible for the entire r range on the scale of the figure.
Both small and large cores give almost identical values for all actinide atoms. We assume that the 5d electrons are not valence electrons, and thus can be safely frozen into the core. That is, the 6s, 6p, 5 f , 6d and 7s electrons are expected to play an active role in actinide chemistry.
B. Molecular calculations on ThO
The spectroscopic properties, namely the dissociation energy D e , the rotational constant B e , the vibrational wave number e , and the bond length r e , were calculated for the 1 ⌺ ϩ ground state of thorium monoxide, ThO, using the SCF and CASSCF methods. To obtain the bond length r e , the total energy was calculated for several Th-O distances, differing by 0.05 a.u. Then the minimum has been obtained by fitting a third-degree polynomial to the eight points of lowest energy. The 2 p 6 , respectively. Our calculations were carried out in C 2 symmetry, using the program system MOLCAS5 27 modified for the inclusion of the DK3-AIMP. The active space in CASSCF was chosen to include eight electrons distributed over nine orbitals (7s and 6d of thorium, 2p of oxygen͒ while the 2s orbital of oxygen was kept doubly occupied.
We used two different cores for the thorium atom, the large core ͓Xe, 4 f ,5d] with the (14s10p11d9 f )/ ͓6s5 p5d4 f ͔ valence basis set and the small core ͓Xe, 4 f ] with the (14s10p12d9 f )/͓6s5 p6d4 f ͔ valence basis set. For the oxygen atom we have produced the same kind of DK3-AIMP, i.e., a ͓He͔ core with the (6s7 p1d)/͓3s4p1d͔ valence basis set. The linear combination of the 12 terms of the Gaussian-type functions was fitted to the Coulomb potential, and the (6s6 p) valence basis set was optimized in the oxygen 3 P ground state. The valence basis set was contracted into the atomic DK3 SCF valence orbitals, and the outermost two s-type and three p-type primitives were added. This basis set was further augmented by one p-type Gaussian primitive with the exponent 0.059, 28 and one d-type Gaussian primitive with the exponent 1.154, 29 representing the diffuse and the polarization functions, resulting in a (6s7 p1d)/͓3s4 p1d͔ valence basis set. The basis set employed in all-electron DK3 calculations were the relativistic GTO basis sets taken from Ref. 26 , and augmented in the same way in the valence region: (12s9 p1d)/͓4s4p1d͔ for oxygen and (35s26p18d13f )/͓11s9p8d5 f ͔ for thorium.
The calculated results are listed in Table III . The previous calculations and experimental data are also listed for comparison. Careful examination of the table shows that the AIMP satisfactorily reproduces the all-electron results and there is no significant difference in the quality between the AIMP with a small core and that with a large core.
The AIMP-SCF with a large core, ͓Xe, 4 f ,5d] gives a bond length of 1.833 Å and the AIMP-CASSCF yields r e ϭ1.879 Å. The SCF calculation yields a bond length slightly shorter, while the CASSCF calculation gives a longer bond length relative to experiment. However, AIMP reproduces the all-electron bond length at both levels of theory. The difference is only 0.001 and 0.002 Å at the SCF and CASSCF levels, respectively. The AIMP gives vibrational frequencies that are close to the all-electron values. The difference between AIMP and all-electron calculations is 14 ͑SCF͒ and 10 cm Ϫ1 ͑CASSCF͒. This is also true for the rotational constant. The difference between AIMP and all- . The observed dissociation energy is 9.00 eV for ThO. The SCF D e is very poor compared with the experimental value. However, the AIMP-SCF D e of 5.96 eV is close to the all-electron SCF D e of 5.82 eV. The CASSCF improves the deficiency of the SCF and gives a value close to the observed one. Again, the AIMP-CASSCF value of 9.14 eV is close to the all-electron value of 9.01 eV. The present calculations show that the AIMP with a large core, ͓Xe, 4 f ,5d] works well at the SCF and CASSCF levels.
As expected, spectroscopic properties calculated by AIMP with a small core ͓Xe, 4 f ] are very close to the allelectron values. The AIMP values agree with the all-electron ones within 0.001 Å in r e , 8 cm Ϫ1 in e , and 0.001 cm Ϫ1 in B e . The dissociation energy reproduces the all-electron value with an error of less than 0.14 eV.
The present calculations confirm that the DK3-AIMP works quite well, and that the errors relative to the allelectron calculations are acceptable. In addition, the large core gives a similar accuracy to the small core, leading to the conclusion that the 5d electrons can be treated as core electrons in actinide chemistry.
The table also lists the previous results calculated with the Cowan-Griffin AIMP 30 and the relativistic energyadjusted pseudopotential. 12 The Cowan-Griffin AIMP employs the same core-valence partitioning as the present large core while the energy-adjusted pseudopotential uses a smaller core than the present treatment. It is difficult to discuss the quality of these ECPs from the limited data. However, all calculations show very similar tendencies for the spectroscopic properties of ThO. The table also includes the all-electron Dirac-Hartree-Fock results. 31 Dirac-HartreeFock includes the spin-dependent effects such as the spinorbit effect, which is not considered in the present treatment. A comparison with our AIMP-SCF results suggests that the spin-orbit effect is significant, particularly on the bond length and the dissociation energy of ThO.
IV. CONCLUSION
We have developed the AIMP for the actinide series from Th to Lr. Two different cores, large ͓Xe, 4 f ,5d] and small ͓Xe, 4 f ] cores have been employed and the corresponding valence basis sets, (14s10p11d9 f )/͓6s5p5d4 f ͔ and (14s10p12d9 f )/͓6s5 p6d4 f ͔, were optimized by minimizing the valence SCF total energies. The relativistic effects were considered through the scalar relativistic DK3 approxi- mation. The present AIMP, and the valence basis sets, were tested for the atoms and ThO. The atomic and molecular results are in excellent agreement with all-electron calculations. These illustrative calculations confirm that the present AIMP is of sufficient accuracy throughout the actinide series. The large core set gives almost the same results as the small set for atomic and molecular calculations, suggesting that the 5d electrons could safely be omitted from the valence electrons in actinide chemistry.
The present AIMP can easily be combined with highly accurate relativistic effects and correlation treatments, both of which are vital for the actinides. While in this study we neglected the effect of spin-orbit coupling, which is important for 5 f elements, the spin-orbit effects may be included by means of mean-field and AIMP-based spin-orbit methods. 33 Thus, the entire field of actinide chemistry is now open for an accurate theoretical treatment.
The present DK3-AIMP core and valence basis sets are available on AIP Document E-PAPS files. 34 
